Abstract. Passerine birds have played an important role in the establishment, maintenance, and spread of West Nile virus (WNV) in North America, and some are susceptible to WNV-associated mortality. Characterization of passive transfer of anti-WNV antibodies in passerines is important to understanding transmission and demographic effects of WNV on wild birds. We showed passively acquired maternal antibodies to WNV in the house sparrow (Passer domesticus). Although all seropositive females (N ‫ס‬ 18) produced antibody-positive egg yolks, only 20% of seropositive mothers (3/15) produced seropositive chicks. The estimated average half-life of maternal antibodies in chick sera was 3 days, and no antibodies were detected after 9 days post-hatch (DPH). Maternal antibodies failed to provide protection against viremia in chicks at 21-25 DPH. Although the observed duration of persistence of passively inherited anti-WNV antibodies in house sparrows differs from some non-passerine birds, it remains unknown whether similar patterns occur in other passerines.
INTRODUCTION
Hatchling birds are exposed to an array of pathogens, thereby necessitating temporary immunologic assistance. 1, 2 Maternally derived antibodies circulate within blood of newly hatched chicks and provide this temporary protection while the immune system matures. 2 Passive transfer of immunity to West Nile virus (WNV; family Flaviviridae, genus Flavivirus) has been documented in captive rock doves (Columba livia), eastern screech owls (Megascops asio), and domestic chickens (Gallus gallus domesticus). [3] [4] [5] In addition, young birds of some species are more susceptible to higher West Nile viremia levels and associated morbidity and mortality than older individuals, 5, 6 and nestling birds may be susceptible to higher mosquito feeding rates because of their lack of defensive behavior. 7, 8 Therefore, early-age immune protection against WNV infection should mitigate transmission and disease in birds. 5 Passive transfer of anti-WNV antibodies has yet to be documented in Passeriformes, the largest and most diverse order of birds. Passerines have been implicated as reservoir hosts of WNV and were likely important in its spread across North America. [9] [10] [11] The house sparrow (Passer domesticus) is of interest because it is a highly competent amplifying host of WNV, is abundant within many habitat types, and has a broad geographic range that includes much of North America. 10, 12, 13 The extent of passive transfer of antibodies to WNV in passerines has important consequences on WNV transmission in nature, as well as the health of free-ranging birds. 5 There may be differences in patterns of passive transfer of anti-WNV antibodies among avian individuals and species, and these differences could be associated with varying immune investment in offspring because of physiological trade-offs associated with life history traits of both adults and young. 1, 14, 15 The hypothesis of this study was that transovarial transfer of antibodies to WNV occurs in the house sparrow, and maternal antibodies are detectable in both eggs and chicks of seropositive mothers. In addition, we predicted that, as in chickens, maternal antibodies in house sparrow chicks would be protective against viremia and clinical disease. 5 The objectives of this study were to 1) show maternal antibodies to WNV in eggs and chicks derived from known seropositive female sparrows; 2) document the decay of maternal antibodies in chicks over time; and 3) evaluate viremia, oral shedding, and viral titers in tissues after WNV inoculation of chicks from both seropositive and seronegative mothers.
MATERIALS AND METHODS

Capture, husbandry, and inoculation of adult sparrows.
A captive flock of house sparrows, captured by mist nets in Weld County, Colorado, was established in early 2005. The maintenance and care of the sparrow colony was in compliance with the National Institutes of Health guidelines for the humane use of laboratory animals, and the research was conducted under Institutional Animal Care and Use approval. Birds were housed free-flight in an indoor, mosquito-proof aviary (3.24 m width × 2.57 m height × 12.12 m length) and provided with tree branches (with leaves and buds depending on season) and trunks and sand baths. Environmental conditions within the aviary were maintained at ∼10-20°C and 15-25% humidity, with a photoperiod determined by natural sunlight.
Sparrow diet consisted of a mix of millet, milo, cracked corn, cracked sunflower seed, and oats (in equal parts), supplemented one to two times a week with live mealworms. Cuttlefish bone was provided as an additional source of calcium and to prevent beak and nail overgrowth. During the breeding season, adult sparrows were also provided with cooked egg, mealworm pupae, waxworms, soaked kitten chow, Family Farm Egg Maker 16 crumbles, and ground oyster shell.
West Nile virus serostatus of all individuals was determined on arrival, and a portion of seronegative sparrows was experimentally inoculated by subcutaneous injection with ∼1,000-2,000 plaque forming units (PFU) of WNV strain NY99-4132, which was originally isolated from an infected crow and was passaged once in Vero cells, once in C6/36 mosquito cells, and once in baby hamster kidney-21 cells.
During the 2007 breeding season (April-August), ∼25 months after WNV inoculation, some sparrows began nest building using provided materials (grass, cotton, and shredded paper) and structures (1-gal plastic cartons with cut holes for nest openings). At this time, the flock consisted of 30 adult females (25 WNV seropositive and 5 seronegative) and 25 males (20 WNV seropositive and 5 seronegative).
Nest observations. Observations of breeding behavior, including identification of individuals that were mating, nest building, incubating eggs, and brooding and feeding chicks, were performed from within a blind inside the aviary. All observations were confirmed through video recordings prepared daily throughout the breeding season. The identities of the male and female attending a given nest were reassessed after fledging of each clutch of chicks to detect any change in parents. Females incubating, brooding and feeding young were assumed to be the producers of the eggs in their respective nests. Males observed to have copulated with the attending female, and also incubating, brooding, and feeding young were identified; however, extra-pair copulations could not be ruled out, so definitive identities of fathers remained unknown.
Sample collection and preparation for assessment of maternal antibodies. Sparrow adults were bled just before initiation of the breeding season (April 1, 2007) and after its conclusion (October 1, 2007) to determine anti-WNV antibody titers.
From late April through July, nests were checked every other day; for the remainder of the nesting season, nests were checked daily to determine numbers of eggs and chicks present. For the time period when nests were checked every other day, chicks' hatch date was considered the earlier of the two possible dates.
Early in the breeding season (May-June), eggs that were laid on the ground or ejected from the nest were opportunistically collected if deemed fresh by the appearance of the yolk. Later in the season (July-August), one to three eggs were collected directly from active nests. Ova were collected at necropsy from several females that died with broken eggs and/or developing ova within the reproductive tract. In addition, yolk sacs (residual yolk supply contained within chicks' abdomen at the time of hatch) and blood samples were collected post-mortem when possible from chicks Յ 1 day posthatch (DPH) that were found dead or were injured and humanely killed. In some cases, the mothers of recovered eggs or chicks were unknown.
Ova, yolks, and yolk sacs were aseptically collected into cryovials, diluted 1:2.5 or 1:5 in BA1 medium (M199-Hank's salts, 1% bovine serum albumin, 350 mg/L sodium bicarbonate, 100 units/mL penicillin, 100 g/mL streptomycin, and 2.5 g/mL amphotericin B in 0.05 mol/L Tris, pH 7.6), vortexed until homogenized (∼5-10 seconds), and clarified by centrifugation. Supernatants were stored at −20°C until testing.
Some sparrow chicks were bled serially over time, beginning between 1 and 9 DPH and then sampled every 3-5 days until fledging or soon thereafter (up to 26 DPH). Just before collection of blood samples, nestlings were weighed with a Pesola spring balance (Pesola AG, Baar, Switzerland) of accuracy to 1 g. Blood was collected by jugular venipuncture (Յ 1% of body weight), placed into serum separator tubes, maintained at room temperature for ∼30 minutes, centrifuged for separation of serum, and stored at −20°C until testing.
Husbandry, inoculation, and sample collection from chicks. Chicks of two different age groups were separated from the flock for experimental inoculation with WNV. Environmental conditions for chicks were maintained at 24-27°C and 40-50% humidity. Chicks were either placed into an artificial nest cavity or a cage, depending on age. The first group of chicks was removed from the nest between 4 and 5 DPH and consisted of one chick from a seronegative female and three chicks from two different seropositive females. These chicks were hand-fed ∼65% body weight daily (divided into feedings every 1-1.5 hours), consisting of mealworms, mealworm pupae, cooked egg, fruit cocktail, waxworms, and cricket abdomens. The second group of chicks was removed from the aviary between 19 and 23 DPH and consisted of two siblings derived from a seronegative female and four chicks from three different seropositive females. This group was provided water, seed mix (millet, milo, cracked corn, cracked sunflower seed, and oats), cooked egg, soaked kitten chow, mealworm pupae, chicken crumble feed, and waxworms ad libitum.
Both cohorts of chicks were challenged with 3,000-5,000 PFU WNV by subcutaneous injection: the younger cohort at 7-8 DPH and the older at 21-25 DPH. Blood samples (0.1 mL) were collected from the jugular vein of chicks (all weighing > 20 g) from 1 to 6 days post-infection (DPI), and sera were recovered after centrifugation. Oropharyngeal cavities were sampled with cotton-tipped swabs from 1 to 7 DPI (or until death/euthanasia), after which the swabs were placed into 1 mL BA1. Chicks showing signs of morbidity (lethargy, fluffed feathers, and/or poor body condition) were killed by sodium pentobarbital overdose. Survivors were bled and killed on 10 DPI. After death or euthanasia, chicks were necropsied, and the following samples collected for virus titration: oral and cloacal swab, heart, liver, spleen, kidney, small intestine, skeletal muscle, and cerebrum. Sera, swabs, and tissue homogenates (∼10% tissue suspension in BA1, as previously described) 16 were stored at −80°C until testing.
Laboratory testing. Neutralizing antibody titers of yolk and yolk sac supernatant and sera were determined by plaque reduction neutralization test (PRNT) on Vero cell monolayers in six-well plates as previously described. 17 The same WNV strain used for inoculation of adults and chicks was used for PRNT. Serum samples that showed Ն 80% neutralization at a 1:10 dilution were considered positive for anti-WNV antibodies, and these samples were serially diluted (2-fold) to determine reciprocal endpoint 80% neutralization (PRNT 80 ) titers.
Viral titers of sera, oral swabs, and tissue homogenates of WNV-inoculated chicks were determined by Vero cell plaque assay as previously described. 18 Minimum levels of WNV detection were 10 1.7 PFU/mL for sera, 10 0.7 PFU/swab, and 10
PFU/g for tissues.
Statistics and calculations. Chicks included in the calculation of estimated average half-life of passive antibodies (N ‫ס‬ 10) had at least two serum samples collected over time, with the first showing between 70% and 99% neutralization of WNV at a 1:10 dilution and > 50% neutralization by a subsequent serum sample. Serial samples were collected from 2 to 12 days apart (with chick ages on collection ranging from 1 to 16 DPH). To calculate half-life, the percent neutralization at a 1:10 dilution (50-99%) was rescaled to a value between 0 and ≈1.0 (the rescaled value is referred to as "neutralizing activity" or NtA) by converting the percentage to a proportion, subtracting 0.50 from the proportion, and multiplying the result by 2 (e.g., 75% neutralization would be adjusted to [0.75 -0.50] × 2 ‫ס‬ 0.50 NtA). This adjustment considered 50% neutralization as having zero NtA, and 99% neutralization as having virtually complete NtA. Samples with 100% neutralization were excluded because an accurate relative quantification of this level cannot be achieved. An estimate of half-life was calculated using the following equation, adapted from an equation for radioactive decay. 19 half − life = ͑days elapsed͒ × log 10 2 log 10 ͑initial NtAրfinal NtA͒
Reservoir competence indices (RCIs) were calculated for sparrow nestlings and juveniles inoculated with WNV and were based on susceptibility (s), infectiousness (i), and duration of infectiousness (d), so that RCI ‫ס‬ s × i × d. 12, 20, 21 Susceptibility for all sparrows was 1.0, because 100% of chicks were considered susceptible to WNV infection. 20 Percent infectiousness was calculated as:
The threshold for zero infectiousness was 10 4.62 PFU/mL (based on data from Culex pipiens), and when an individual's daily viremia value was below this level, infectiousness was considered zero for that day. 21 Duration of infectiousness was the number of days that viremia levels were above the threshold of infectiousness. These values were averaged for each individual to calculate mean values for the following experimentally inoculated groups: younger cohort (8-9 DPH) with seropositive mothers, younger cohort with seronegative mothers, older cohort (21-25 DPH) with seropositive mothers, and older cohort with seronegative mothers.
SAS/STAT MULTTEST software, version 9.1, (SAS Institute, Cary, NC) was used to perform a paired t test to compare mean peak viremia titers for chicks from seropositive versus seronegative mothers in the older cohort using ␣ ‫ס‬ 0.05.
The MIXED procedure with repeated measures was used for data analysis and Akaike's information criteria (AIC) were used for model selection 22 to test which sets of factors best predicted protection by mothers' WNV immunity status in the older cohort of chicks. Five models were used for the analysis of the challenge experiment of the older cohort. Model 1 (intercept only) represented a scenario in which viremia profiles were independent of all other parameters included within the model set; Model 2 examined the effect of DPI on chicks' viremia profiles; Model 3 indicated the effect of mothers' serostatus on chicks' viremia profiles; Model 4 evaluated the additive effects of DPI and mothers' serostatus; and Model 5 was fully interactive for DPI and mothers' sero− status. Individual AIC weights were calculated for each model.
Statistical analyses were not performed for the younger cohort of chicks because of the limited sample size.
RESULTS
Antibody titers of breeding females.
Before experimental inoculation, all adult sparrows were negative for anti-WNV antibodies. Of the 15 seropositive sparrow females that produced chicks, PRNT 80 antibody titers ranged from 20 to 1,280. Titers were typically the same or declined 2-fold from April 1, 2007 to October 1, 2007. However, in two females, antibody titers dropped 4-fold during this time period (Table 1) .
Maternal antibodies in ova, yolks, and yolk sacs. Ova (N ‫ס‬ 5) were removed from two breeding females that died. The females had serum PRNT 80 titers of 160 and 640 and those of the yolk within their ova had PRNT 80 titers between 80 and 160.
All seropositive mothers (18/18) produced eggs with anti-WNV antibodies, with the majority of egg yolks produced by these females having detectable antibodies to WNV (91.4%; 32/35). Adult females with PRNT 80 titers between 20 and 1,280 produced yolks with titers between < 10 and 320. In general, yolk antibody titers were 4-to 8-fold lower than those of the females' serum antibody titers. Three individual females produced both antibody positive and negative yolks; PRNT 80 titers of these females ranged from 20 to 80. Sixtyfour percent (16/25) of yolks from unidentified females had anti-WNV antibodies (PRNT 80 titers of 10-80). Yolks (9/9) from four seronegative females were negative for anti-WNV antibodies, having < 60% neutralization at a dilution of 1:10 ( Table 1) . ‡ Yolks, ova, and chick sera with PRNT 80 titers < 10 were considered negative. Some mothers produced either antibody-positive and -negative yolks or chicks within the same clutch.
§ Day(s) post-hatch (DPH) when first bled (presented as a range when there are multiple chicks from one female).
NT ‫ס‬ none tested.
Fifteen yolk sacs were collected from neonatal chicks, seven of which were from seropositive females having PRNT 80 antibody titers from 40 to 1,280; yolk sac PRNT 80 titers were from 10 to 320. Three of the six yolk sacs from unknown females were positive for antibodies to WNV, with PRNT 80 titers from 20 to 80. Two yolk sacs of chicks from seronegative females were negative for anti-WNV antibodies, exhibiting < 60% neutralization at a dilution of 1:10.
Maternal antibodies in chicks. Fifty-eight chicks were bled on or before 7 DPH (20 of these were bled on 1 DPH). Fifty of these chicks were from 15 seropositive mothers, which had WNV PRNT 80 titers ranging from 20 to 1,280. Three of the 15 mothers (20%) produced seropositive chicks, and PRNT 80 titers of these mothers were 160 and 1,280. Alternatively, 24% (12/50) of the chicks from seropositive mothers had detectable WNV neutralizing antibodies, with PRNT 80 titers of chick sera ranging from 10 to 40. All seven chicks from a female with a PRNT 80 of 1,280 had detectable maternal antibodies; these chicks were from three separate clutches, each ∼1 month apart. No chicks were positive for maternal antibodies to WNV after 9 DPH. The estimated average half-life of anti-WNV antibodies in chicks (N ‫ס‬ 10) was ∼71.92 hours or 3 days (range, 1.43-5.91 days). Sera from the eight chicks from seronegative mothers exhibited < 60% neutralization at a dilution of 1:10.
Challenge of chicks from seropositive and seronegative females. All 11 of the chicks challenged with WNV by subcutaneous injection developed detectable WNV viremia titers of variable duration between 1 and 6 DPI ( Table 2) .
Within the younger cohort (8-9 DPH), peak viremia titers were higher in the two chicks that had undetectable antibodies on inoculation (average, 10 9.0 PFU/mL serum); one of these chicks was from a seropositive mother ( Table 2 ). The average peak viremia of the two chicks that had detectable maternal antibodies at hatch (and also at inoculation) was 10 4.9 PFU/mL serum, whereas viremia in all four chicks was undetectable by 6 DPI. Based on these viremia data, the mean percent infectiousness value for the younger cohort that had seropositive mothers was 0.30 versus 1.19 for the chick with a seronegative mother. Reservoir competence indices for these groups were 0.40 and 4.76, respectively (Table 3 ). All four chicks in the younger cohort shed virus from the oral cavity. The chick from the seronegative mother had higher viral tissue loads and more virus-positive tissues than the chicks from seropositive mothers. Although several chicks in the younger cohort were euthanized because of lethargy and weight loss, it was difficult to distinguish clinical signs attributable to WNV infection versus those resulting from the stress of frequent handling for feeding. All chicks in the younger cohort seroconverted by 6-10 DPI ( Table 2) .
None of the seven chicks in the older cohort had detectable anti-WNV antibodies at the time of inoculation on 21-25 DPH, although five had seropositive mothers. Viremia was first detected in all chicks on 1 DPI and lasted between 4 and Ն 6 days ( Table 2 ). There was no significant difference in the mean peak viremia titers of chicks from seropositive versus seronegative mothers in the older cohort (10 7.8 PFU versus 10 7.4 PFU, respectively; t test, P ‫ס‬ 0.27). In addition, model selection based on AIC weight indicated that mothers' serostatus (Model 3) had a minimal effect on chick viremia profiles (Table 4) . Based on viremia data, the mean percent infectiousness for the older cohort with seropositive mothers 
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** Day(s) post-inoculation (DPI); the number(s) indicate the day(s) post-inoculation that oral shedding was detected; swab samples were collected from 1 to 7 DPI and at necropsy. † † Chicks that died or were killed because of morbidity included 1, 6, 7, and 20; the remainder was clinically normal and was killed on 10 DPI. ‡ ‡ PRNT 80 titers were determined on the day of death or when killed, except for Chicks 1 and 7, for which PRNT 80 titers were determined for the last serum samples collected from each bird, which was on 6 DPI.
was 0.64 versus 0.55 for the chicks with seronegative mothers. Reservoir competence indices for these groups were 1.80 and 1.36, respectively (Table 3 ). Low WNV titers were detected at 10 DPI in spleen and/or kidney of chicks with seronegative mothers, whereas chicks with seropositive mothers had WNV in up to six different tissues. One chick, which was from a seropositive mother, experienced clinical signs attributed to WNV infection (older chicks were only handled for daily sample collection because they fed independently), including lethargy and weight loss first observed on 7 DPI. However, this chick continued eating and remained relatively alert and active and was killed on 10 DPI with the others. All chicks in the older cohort seroconverted by 10 DPI (Table 2) .
DISCUSSION
Maternal immunoglobulin G (IgG, or IgY in birds) is passively transferred from the female's serum to embryonic circulation via the yolk while eggs are in the ovary. 23 Maternal antibodies to WNV have been documented in three bird species through captive studies, including pigeons, screech owls, and chickens, with additional evidence for maternal antibodies in free-ranging hawks, owls, and various aquatic species such as herons, egrets, ibis, flamingoes, storks, gulls, terns, and pochards. [3] [4] [5] [24] [25] [26] More data are needed to better compare the relative abilities of a variety of avian species to produce and transfer anti-WNV antibodies to their young.
Maternal antibodies to West Nile virus have yet to be documented in a passerine species, some of which are highly susceptible to WNV infection and are probable amplifying reservoir hosts. 12 The house sparrow is a common and ubiquitous passerine and is regarded as an important reservoir host of WNV, with a potential role in its spread throughout North America. 10, 11, 20, 27 House sparrow nestlings are altricial, remaining sparsely feathered for 7-10 days and relatively inactive within the nest for ∼14 days, 13 and are thereby vulnerable to mosquito blood feeding. Mosquitoes seem to be attracted to bird nests and may increase feeding rates on older nestlings, in part because brooding times decrease, leaving nestlings more vulnerable. 8, 28, 29 Furthermore, numerous mosquito species in North America are ornithophilic and feed at heights that coincide with the presence of house sparrows. 30 House sparrows usually nest within enclosed spaces, 13 and although the effects of nest structure on mosquito feeding rates are not well known, evidence suggests that house sparrow nestlings are exposed to arboviruses. 31 Passive transfer in passerines could lead to dampened WNV transmission while increasing survival rates of exposed chicks. This study documented passive transfer of antibodies to WNV in the house sparrow; maternal antibodies were apparent in ova, egg yolks, yolk sacs, and chick sera. High proportions of ova, egg yolks, and yolk sacs derived from WNVseropositive sparrow females had detectable antibodies, whereas antibodies were present in a lower proportion of sparrow chick sera post-hatch. Chicks that did have detectable maternal antibodies also had mothers with relatively high anti-WNV antibody titers, and only 20% of seropositive mothers produced chicks with detectable antibodies. In contrast, all seropositive mothers produced eggs with detectable antibodies within the yolk (Table 1) . Detectable maternal antibodies to WNV were relatively short-lived in sparrows (Յ 9 DPH) compared with other bird species in which maternal antibodies were detected for up to ∼28 DPH. [3] [4] [5] However, 44-50% of screech owl chicks from WNV seropositive mothers lacked detectable antibodies between 4 and 16 DPH. 4 Maternal antibodies to avian polyomavirus (APV) and Newcastle disease virus (NDV) have also been reported as short-lived, with antibodies observed in the majority (78-83%) of budgerigar (Melopsittacus undulatus) yolks derived from seropositive mothers (N ‫ס‬ 14 for APV, N ‫ס‬ 12 for NDV) but not in chick sera on 5 DPH (N ‫ס‬ 35 for APV, N ‫ס‬ 13 for NDV). 32 Numerous factors may affect the transovarial transfer of antibodies from mother to offspring. Differences within and across species may be based on variation in evolutionary pressures that in turn affect life history traits, and vice versa. 1, 33 Animals must balance the costs (e.g., energetic, nutritional, developmental) and benefits (e.g., protection) of an immune response, a process driven by selective pressures from pathogens and life history traits of the host. 34 Differences among individual mothers (e.g., genetics, age, hormone levels, stress, mate choice, stage in ovulation), as well as environmental factors (e.g., protein availability, time in season), also likely affect passive transfer. 2, 35 The persistence of maternal antibodies in chick circulation is also a function of the chicks' body size on hatch and developmental and metabolic rates; maternal antibodies wane from circulation when the chick begins to produce its own antibodies. 35, 36 Catabolism of maternal antibodies begins once the antibodies reach the chick's circulation. High rates of metabolism in birds may contribute to the rapid decay of serum antibodies, 37 whereas high growth rates of house sparrow nestlings 38 correspond to increases in blood volume and dilution of circulating maternal antibodies. Antibodies in chicken chick sera fell from 75-100% to < 20% of maternal levels during the first 14 DPH. 36 In mallard (Anas platyrhynchos) ducklings, maximum serum levels of maternal IgY occurred from 3 to 7 DPH. 39 The half-life of non-specific serum gamma globulin injected into chicken chicks from 1 to 7 DPH was ∼72 hours, whereas the half-life of serum albumin was 42 hours. 37 In blue-and-gold macaw (Ara ararauna) chicks, antibodies against bovine serum albumin decreased exponentially, with an average serum IgY half-life of ∼92 hours (3.85 days; range, 2.37-5.11 days), although antibodies were detected in the sera of some chicks until 42 DPH. 40 The estimated average halflife of maternal antibodies to WNV in sparrow chicks in this study was ∼72 hours (3 days), and no antibodies were detected beyond 9 DPH. This half-life is based on a limited sample of 21 ‡ Mean duration of infection represents the average number of days viremia titers were above the zero threshold of infection for Culex pipiens (10 4 .62 PFU/mL). § RCI ‫ס‬ susceptibility × mean infectiousness × duration of infectiousness (in days). chicks with variable blood collection time points. When the criteria and equation for half-life from this study were applied to previously published data from chickens, 5 the estimated average half-life of anti-WNV-specific maternal antibodies in chicken chick sera (N ‫ס‬ 26) was 20.7 days (range, 7.9-101.8 days), with evidence of circulating maternal antibodies at 42 DPH. These chicken chicks were from hens with a range of PRNT 90 titers of 80-1,280.
Questions remain as to why patterns of passive transfer of maternal antibodies to WNV were different in the house sparrow versus other avian species studied thus far and whether patterns in the house sparrow are similar to those of other passerine species. The energetic costs of immune investment in offspring are high, 14, 15 and the relatively rapid decay of maternal antibodies in the house sparrow may reflect a low investment by the mother. Although life history traits of sparrows and many other passerines are consistent with lower immune investment in offspring (e.g., short lifespan, high reproductive output, rapid development, and small body size), 13 many of these species also have a relatively short incubation phase. Shorter incubation periods often correlate with longer periods of development of acquired immunity in hatchlings, and this would suggest a higher dependence on passive transfer and innate immunity. If the protection provided by maternal antibodies is short-lived in these species, they may be more vulnerable to infection early in life before complete development of the immune system. In addition, altricial birds (e.g., passerines) have a lower yolk supply, which contains maternal IgY, compared with precocial birds (e.g., chickens), again suggesting that altricial chicks may be more vulnerable to infection during the period when maternal antibodies have waned but acquired immunity has yet to fully develop (KC Klasing and TV Leshchinsky, unpublished data). Young birds would be more susceptible to WNV infection during this period, having a potentially greater role in transmission, and possibly decreased probability of survival.
Challenge experiments of sparrow chicks in this study suggested that maternal antibodies may provide some early (8-9 DPH) protection, but apparently no protection by 21-25 DPH, at which time sparrow chicks have fledged from the nest 13 (Tables 2 and 4 ). In contrast, chicken chicks were protected by maternal antibodies to WNV for up to 42 DPH, although protection against viremia was less complete at 42 DPH than at 28 DPH. 5 Maternal antibodies also protected chicken chicks from hemorrhagic enteritis-associated clinical disease for up to 56 DPH, 41 and delayed avian leukosis virus infection with reduced levels of viremia and shedding. 42 Maternal antibodies against turkey rhinotracheitis virus did not completely protect against disease in turkey poults, although clinical signs were less severe than in poults without maternal antibodies at 1 DPH. 43 Ludwig and others 44 suggested that house sparrow nestlings with mothers immune to St. Louis encephalitis virus (SLEV) experienced "viremic enhancement" after SLEV challenge at specific time points posthatch, meaning that viremia levels were of greater duration and magnitude than in chicks from seronegative females. Although West Nile viremia profiles of sparrow chicks in this study do not seem to be consistent with viremic enhancement (Table 2) , chicks in the older cohort having seropositive mothers had higher percent infectiousness and RCIs than chicks with seronegative mothers (Table 3 ). In contrast, chicks in the younger cohort with seropositive mothers were less likely to be infectious to Cx. pipiens mosquitoes than the single chick from a seronegative mother, and the RCI of the latter was higher than previously calculated for all other avian species. Furthermore, only chicks in the younger cohort with seropositive mothers had a lower RCI than previously reported for house sparrows (RCI ≈ 0.49-1.25), 12, 20, 21 indicating partial protection by maternal antibodies in these younger chicks. These comparisons should be considered in the context of the limited sample sizes of chicks included. Also, frequent handling of the younger cohort of chicks for handfeeding likely caused elevated stress levels that may have affected viremia profiles; effects of stress were evident through the relatively poor weight gain over time in these chicks versus those that remained with the parents (data not shown).
The ability of nestling birds to disperse and transmit pathogens may be partially dependent on the immune status of their mothers, along with the dynamics of passive transfer and protection provided by maternal antibodies. If the behavior of maternal antibodies to WNV observed in captive house sparrows in this study is similar to that of free-ranging sparrows, maternal antibodies would offer limited protection among chicks from a portion of seropositive mothers. After this short-term protection wanes, these young chicks would be competent WNV amplifying hosts and susceptible to associated morbidity and mortality. The consequences of passive transfer of anti-WNV antibodies in passerines on transmission in nature are unknown, and studies of additional passerine species would greatly contribute to understanding the complex ecological picture.
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